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ABSTRACT Single-molecule studies allow the study of subtle activity differences due to local folding in proteins, but are time
consuming and difﬁcult because only a few molecules are observed in one experiment. We developed an assay where we can
simultaneously measure the activity of hundreds of individual molecules. The assay utilizes a synthetic chymotrypsin substrate
that is nonﬂuorescent before cleavage by chymotrypsin, but is intensely ﬂuorescent afterward. We encapsulated the enzyme
and substrate in micron-sized droplets of water surrounded by silicone oil where each microdroplet contains ,1 enzyme on
average. A microscope and charge-coupled device camera are used to measure the ﬂuorescence intensity of the same
individual droplet over time. Based on these measurements, we conclude that enzymatic reactions could occur within this
emulsion system, the statistical average activity of individual chymotrypsin molecules is similar to that measured in bulk, and the
activity of individual chymotrypsin is heterogeneous.
INTRODUCTION
The structure or conformation of a protein determines its
function. A protein’s chain of amino acids can exist in a large
number of similar conformations, or substates. (Engler et al.,
2003; Frauenfelder et al., 2003). In a population of proteins,
each with an identical amino acid sequence, every protein
could be folded into a slightly different structural substate.
Therefore, each protein might exhibit slightly differing
function or activity (Lu et al., 1998; Nie and Zare, 1997; Xie
and Lu, 1999). Enzymes are a class of proteins where the
function can be measured as chemical activity. By moni-
toring the activity of a collection of individual enzymes, one
can better understand the different structural substates in
which each enzyme can exist.
The technique of single-molecule detection can provide
two types of information on protein activity. The ﬁrst is
detailed timing of the activity, and the second is a measure of
the statistical distribution of the activity. Most single-molecule
experiments focus on measuring the time evolution of the
individual molecule’s activity. This provides a detailed
picture of the dynamic conformation of the molecule. How-
ever, this observation does not make the connection from the
individual molecules to the ensemble averages that classical
experiments observe. The statistical study of a population of
single molecules provides the missing link. With both forms
of information, one can discern molecular behavior that is
otherwise hidden within the ensemble average (Edman et al.,
1999; Ishii et al., 2003; Ishijima and Yanagida, 2001; Lu
et al., 1998; Medina and Schwille, 2002; Xie and Lu, 1999;
Xie and Trautman, 1998).
Experiments based on single-molecule detection have
contributed to models of molecular motor dynamics, protein
folding dynamics, and enzyme kinetics. Now instead of
computer simulation, researchers can visualize how a molec-
ular motor moves, as in the studies of myosin and F1-
ATPase motor (Ishii et al., 2003; Ishii and Yanagida, 2000;
Ishijima et al., 1991; Noji et al., 1997). Instead of speculating
on how a protein structure changes during a reaction process,
the structural changes can be monitored (Weiss, 1999; Weiss,
2000; Yang et al., 2003). Enzyme kinetics is no longer
limited to the analysis of various ensemble constants. The
fundamental characteristics of the enzyme can be analyzed
using single-molecule detection (Edman et al., 1999; Edman
and Rigler, 2000; Qian and Elson, 2002). Many different
techniques for single-molecule detection exist, each with
unique characteristics. These techniques monitor electrical,
physical, or optical changes. The measurements for electrical
and physical changes require physical contact with the mole-
cule of interest (Allen et al., 2003; Edwardson and Henderson,
2004; Ha, 2001; Hinterdorfer et al., 2001; Ishii et al., 2003;
Ishii and Yanagida, 2000; Kulzer and Orrit, 2004; Liem et al.,
1995; Muller et al., 2002; Park et al., 2002; Sakmann and
Neher, 1984). Measurements in optical changes allow the
researcher to visually locate the molecule for study through
noninvasive methods and observe the function of the mole-
cule in its natural environment (Ha, 2001; Ishii et al., 2003;
Ishii and Yanagida, 2000; Jares-Erijman and Jovin, 2003;
Kulzer and Orrit, 2004; Medina and Schwille, 2002).
A persistent problem with single-molecule studies of pro-
teins is the lack of statistics. We sought a method to measure
the activity of hundreds of proteins individually, yet simu-
ltaneously. This would enable one to sample a statistically
signiﬁcant number of proteins and quantify the diversity of
molecular activities.
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We developed an assay for chymotrypsin, a well-studied
model protease. The assay uses a proﬂuorescent substrate
that becomes ﬂuorescent after cleavage, an optical detection
system based on a charge-coupled device (CCD) camera that
has thousands of optical detectors (pixels) in parallel, and
a water-in-oil emulsion that, in essence, provides individual
nanoscale test tubes for the chymotrypsin molecules.
METHODS
Microscope/CCD description
The microscope we used in this experiment is a Nikon (Tokyo, Japan)
Eclipse TE200 inverted microscope with an attached 100W mercury lamp.
The excitation light and the emission ﬂuorescence are ﬁltered through a
Chroma (McHenry, IL) HQ FITC ﬁlter block set (excitation 480/40 nm,
emission 535/50 nm). The objective is a 403 oil immersion Nikon Plan
Fluor objective lens, with a numerical aperture of 1.30. The CCD camera we
used in this experiment is a 12-bit Apogee 7p air-cooled CCD camera. The
CCD camera is cooled down to 20C for image acquisition. The CCD
camera employs a SITe 5123 512 back-illuminated CCD chip. The chip has
a quantum efﬁciency of 75% at 520 nm.
Emulsion generation
The water-in-oil emulsion is generated by placing ;10 mL of silicone oil
(Fisher Scientiﬁc, Hanover Park, IL), 100 mL of 0.76 nM a-chymotrypsin
solution (Sigma Chemical, St. Louis, MO), and 100 mL of 150 mM sub-
strate, Suc-(AAPF)2-R110 (Molecular Probes, Eugene, OR), both in 10 mM
HEPES buffer, pH 7.0, inside the miniblender for a Waring blender. This
results in 0.38 nM a-chymotrypsin and 75 mM substrate as the ﬁnal con-
centration within the water phase. The enzyme molecule/substrate molecule
ratio is ;1:200,000 in a 1-mm-diameter droplet, ensuring that the enzyme
will be operating at the maximum velocity. The blender runs at 20,000 RPM
for 30 s; ;800 mL of the resulting emulsion is taken and centrifuged at
6000 rpm for 30 s to sediment the larger droplets, allowing a more uniform
droplet size distribution for loading.
Control experiments
The positive control experiment is performed by generating an emulsion
containing 200 mL 10 mM of R110 standard (Molecular Probes) in 10 mM
HEPES buffer and loading the emulsion into the microﬂuidic device for
observation under a 403 objective lens. The ﬂuorescence resulting from the
R110 standard is recorded by the CCD camera, with the same interval and
exposure time as in the experimental setup. A negative control is also per-
formed by replacing the R110 standard with 100 mL of 150 mM substrate
and 100 mL of 10 mM HEPES buffer.
Chymotrypsin assay
Chymotrypsin is a protease. It preferentially hydrolyzes peptide bonds
involving tyrosine, phenylalanine, and tryptophan. We obtained chymo-
trypsin from Sigma Chemical, where it is puriﬁed from bovine pancreas.
Its activity can be measured using the proﬂuorescent substrate AAPF
(Molecular Probes) which becomes ﬂuorescent (excitation 492 nm/emission
521 nm) when cleaved by chymotrypsin.
The bulk chymotrypsin assay is done in a 96-well plate using a ﬂuo-
rescence reader (Fluoroskan Ascent FL, Thermo Labsystems, Altrincham,
UK). One hundred microliters of 0.76 nM a-chymotrypsin solution and
100 mL of 150 mM substrate, both in 10 mM HEPES buffer, are mixed
together, which results in the same ﬁnal concentration as in the single-
molecule experiment. This will guarantee that the kinetics observed with
the bulk population can be used for comparison to the single-molecule ex-
periment because both have the same enzyme/substrate ratio (1:200,000).
The enzymatic reaction is observed for 3 h at 1-min intervals. The ﬂuores-
cence is collected with a 1-s exposure with a ﬁlter pair of 485 nm/527 nm.
The single-molecule chymotrypsin assay is performed by loading the
emulsion into a grid-like polydimethylsiloxane microﬂuidic device (White-
sides et al., 2001) bonded to a glass coverslip, which provides a chamber
with a dimension of 200 3 200 3 35 mm. The droplets inside the micro-
ﬂuidic device are fairly immobilized in all directions. Any minor ﬂuctuation
in the x-y direction can be realigned using software. The emulsion is ob-
served under a 403 objective lens. The ﬂuorescence resulting from the
enzymatic reaction is recorded by a CCD camera, with an interval of 8 min
and an exposure time of 500 ms. The starting time is established with the ﬁrst
CCD image. This is typically 5–10 min after mixing. We choose the ﬁrst
image for the starting time to avoid the problem of establishing how much
ﬂuorophore is being produced between the start of the mixing and the ﬁrst
image. With starting time set at the ﬁrst image, we can ignore the ﬂuorophore
produced before and start with a new baseline.
Image processing/tracking
The ﬂuorescence image is taken with the software provided by the man-
ufacturer of the CCD camera, MaxIm DL version 2.12. The raw image is
calibrated to correct for intrinsic camera bias, dark noise, and uneven lighting
due to optics. The calibrated images are loaded into image analysis software,
MetaMorph 6.0. The droplets are tracked over time with the integrated
morphology analysis function in MetaMorph 6.0. The images are stacked in
chronological order and the droplets are aligned to the same position. A
ﬁltering rule is set to ﬁlter droplet size based on the pixel area (,15 pixels)
covered by the ﬂuorescent spot. Any spots.1mm in diameter are discarded by
the software. The position and ﬂuorescence intensity are recorded in Microsoft
Excel spreadsheets. The droplet data is then screened where droplets with high
background noise are excluded and ﬁnally sorted to match droplets at different
time points using droplet position with a simple algorithm written in LabView
6.0. Any droplet that is not present at all time points is dropped out. The droplet
ﬂuorescence is then scaled against the bulk data for easier comparison.
Normalization to reference standards
The optical system has intrinsic variations of ;10–12%. To reduce these
random ﬂuctuations, red ﬂuorescent microspheres (I-7224, Molecular
Probes) with an emission spectrum similar to Texas Red are employed.
The microspheres are 2.5 mm in diameter, and were purchased suspended in
aqueous buffer. We evaporated the aqueous buffer from the microspheres
and resuspended the microspheres inside silicone oil. This allows the ﬂuo-
rescent microspheres to behave like the aqueous droplets in the emulsion.
Ten microliters of the microspheres solution is mixed in with 40 mL of
centrifuged emulsion and loaded into the microﬂuidic device. The ﬂuo-
rescence from the microspheres is recorded and tracked using the same
method for tracking droplets over time. The ﬁnal processed data for indi-
vidual microspheres are averaged, and this averaged value is used as the
basis for normalization of intrinsic optical variations.
RESULTS
We are conﬁdent that we are measuring the activity of an
individual enzyme molecule 90% of the time. The distribution
of enzymes within droplets is random and thus follows the
Poisson distribution (see Fig. 1). Using this distribution, we
calculate that at a working concentration of 0.38 nM (equiv-
alent to amean concentration of 0.12molecules/1-mm-diameter
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droplet), 89% of all 1-mm-diameter droplets will contain no
enzyme molecules, 10% will contain a single enzyme
molecule, and ;1% will contain more than one molecule
(see Fig. 2). Therefore, at this concentration, 90% of the
1-mm-droplets that show any presence of ﬂuorescence contain
a single enzyme molecule. Because only the droplets that
contain the enzyme will be able to produce ﬂuorescence, the
droplets that do not contain enzyme will not be observable.
As the diameter of the droplet decreases, the probability of
the droplet containing more than one enzyme molecule also
drops dramatically. This allows us to include the droplets
with diameters ,1 mm as part of the analysis.
The emulsion generation procedure that we used produces
a heterogeneous distribution of droplet sizes (see Fig. 3). The
background noise is ;15–20% of the mean background
intensity after calibration, but the signal level for the droplets
is much higher than the background noise. Although there
are many spherical ﬂuorescent droplets with a diameter
,1 mm, there are also ﬂuorescent droplets of larger sizes.
Positive control experiments using R110 ﬂuorescent dye
with no enzyme provide important results on two key issues,
the uniformity of the emulsion (see Fig. 4, A and B) and the
effect of photobleaching (see Fig. 4, C and D). Originally,
FIGURE 1 Critical ﬁnal concentrations needed to achieve 0.1% (dotted
line), 1% (solid line), and 10% (dashed line) of the aqueous droplet in the oil
that will have more than two enzyme molecules per emulsion droplet at
various droplet diameters. In concentrations above the curves, .0.1%, 1%,
or 10% of the droplets will have two or more enzyme molecules. The
working concentration of 0.38 nM is drawn as the horizontal line. On
average, each 1 mm diameter droplet will contain 0.12 molecules for the
working concentration of 0.38 nM. This makes the observable enzyme
reaction to be an all-or-nothing event.
FIGURE 2 Poisson distribution for the working concentration of 0.38
nM in 1-mm droplet. Eighty-nine percent of the droplets have no molecules,
10% of the droplets have one molecule,,1% of the droplets have more than
one molecule. The droplets that contain no enzyme molecule will not be
observable under the ﬂuorescence microscope. The inside ﬁgure shows the
percentage of emulsion that will contain more than one enzyme molecule.
At the working concentration of 0.38 nM, a droplet of 1 mm in diameter in
the overall population will have 0.66% chance of containing more than one
enzyme molecule.
FIGURE 3 The positive control, with ;10 mM of R110 ﬂuorophores but
no enzyme in the droplets. The blender generates a range of different droplet
sizes, but the majority of them are;1 mm in diameter. Each droplet contains
various amounts of ﬂuorophore according to its size. At the bottom is the
corrected ﬂuorescence proﬁle of the white line in the picture. The
background noise is ;15–20% of the mean background intensity, but the
signal level for the droplets is much higher than the background noise. This
makes the background noise seem almost ﬂat.
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the positive control droplets showed a variation in
ﬂuorescence intensity between 10% and 12% over time,
with an average slope of 0.0084 (arbitrary intensity units/
min). After the images are corrected with red ﬂuorescent
microsphere standards, the variation of ﬂuorescence in-
tensity in the positive control drops to 5% and the slope for
the average also drops down to 0.00002 (arbitrary intensity
units/min). The overall distribution also did not change over
time, another indication of no reaction (1.044 6 0.07 for
0 min and 1.032 6 0.06 for 80 min). The decrease in the
number of droplets in the high ﬂuorescence region and the
increase in the number of droplets in the low ﬂuorescence
region can both be attributed to photobleaching. The effect of
photobleaching is not prominent under the experimental
condition as indicated by the lack of change in the average
intensity and distribution of intensity of the positive control
droplets throughout the duration of the experiment. No
ﬂuorescence was detectable in negative control experiments
using substrate only (data not shown), demonstrating that the
ﬂuorescence is a direct result of the chymotrypsin activity.
We can measure the activity of hundreds of individual
droplets simultaneously (see Figs. 5 and 6). Measurements
of ﬂuorescence intensity, expressed as a percentage of the
baseline, quantify the heterogeneity of the population (see
Table 1). The ﬂuorescence intensity increases with time
(1.77% at 8 min and 6.36% at 80 min) as does the standard
deviation of the distribution (3.69% at 8 min and 6.01% at 80
min), suggesting that the heterogeneity from each droplet is
cumulative over time. The heterogeneity of the population of
chymotrypsin can then also be quantiﬁed using histograms.
The overall coefﬁcient of variation for the droplets is 6.7%
at 0 min and 8.6% at 80 min (see Fig. 7). The distributions of
droplets at both time points ﬁt well in a Gaussian distribution,
suggesting that the population under observation is fairly
homogeneous. The coefﬁcients of variation for the control
experiment are fairly constant throughout the duration of the
experiment (6.6% at 0 min and 5.8% at 80 min), suggesting
that there is no change in the droplets. The experiment, on the
other hand, showed a major increase in the coefﬁcients of
variation (4.8% at 0 min and 9.3% at 80 min), suggesting that
droplets are acting differently from each other throughout
the experiment (see Fig. 8). Although the activity of the popu-
lation is heterogeneous, the percent increase in ﬂuorescence
for the individual measurements (0.058%/min) has a similar
slope to that of the bulk measurements of chymotrypsin
(0.076%/min) and the average percent increase for the indi-
FIGURE 4 (A and B) Traces of the droplets in the positive control. There are 64 droplets that are tracked over a period of more than 2 h. (A) The raw
ﬂuorescence with a 10–12% variation and an overall standard deviation of 3.44%. The slope for the average is 0.0084. (B) The corrected ﬂuorescence against the
red ﬂuorescence microspheres, with 5% variation and an overall standard deviation of 2.1%. The slope for the average is 0.00002. The average intensity of the
droplets does not change dramatically with time after correction. (C and D) The distribution snapshots for control droplets at different times. (C) The distribution
at 0 min. (D) The distribution at 80 min. As expected for the control experiment, there is no major shift in the mean 6 SD of the distribution (1.044 6 0.07 for
0 min and 1.032 6 0.06 for 80 min).
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vidual mean is very close to the overall percent increase for the
bulk measurements (6.35% for droplets and 6.03% for bulk)
under similar conditions (see Fig. 9).
DISCUSSION
We have developed an assay that can monitor the activity of
hundreds of individual chymotrypsin molecules simulta-
neously. It should be applicable to other enzymes that have
proﬂuorescent substrates or have changes that can be ob-
served optically. Furthermore, this assay can also be applied
to any chemical reaction that can produce an optically de-
tectable signal.
The ability to observe the activity of individual enzymes is
based on the assumption that the distribution of enzymes
within droplets is random and follows a Poisson distribution.
This assumption is valid if chymotrypsin does not interact
with itself or with other molecules present. The use of the
Poisson distribution to calculate the critical concentration
needed for single-molecule experiments was mentioned by
Greulich and has been explained in detail and validated by
Fo¨ldes-Papp and others (Fo¨ldes-Papp et al., 2004; Greulich,
2004).
During the development of the assay, we noticed a
10–12% variation in the measured ﬂuorescence intensity.
Through control experiments, we established that this vari-
ation was intrinsic to the mercury lamp and microscope,
attributing the latter to focus drift of the microscope objec-
tive. These variations impeded consistent results. To correct
for this effect, we mixed 2.5-mm-diameter red ﬂuorescent
microspheres having a ﬂuorescence spectrum similar to that
of Texas Red into the oil phase, and used these microspheres
as a reference. This allowed us to correct for most of the
intrinsic variation of the imaging system and to pool results
from different experimental runs together.
Despite careful alignment of the mercury lamp, we found
a consistent 15–20% difference in illumination intensity
across the ﬁeld of view of the CCD camera. Although we
corrected the overall levels of illumination using a ﬂat ﬁeld
image, the most intense regions of illumination have higher
FIGURE 5 One of the time-lapse pictures during an experiment with
enzyme and proﬂuorescent substrate. The line proﬁle shows the corrected
ﬂuorescence along the white line in the picture. For data analysis, we use
only the droplets that are highly distinguishable from the background noise
and present in all time-lapse pictures.
FIGURE 6 Kinetics of one particular experiment. In this set, there are 96
individual droplets traceable over time. Different traces showed different
trajectories, with an overall increasing trend. The traces also demonstrated
different reaction rates between different droplets. The emulsion assay can
track multiple droplet data points simultaneously. The mean value of the
individual traces is shown as the black line with square markers.
TABLE 1 Mean 6 SD of ﬂuorescence intensity in
experimental condition
Time (min)
8 16 24 32 40 48 56 64 72 80
Mean (%) 1.77 2.59 3.81 1.91 2.87 3.00 5.32 3.81 4.68 6.36
SD (%) 3.69 4.03 4.86 5.11 5.59 5.91 6.16 5.68 6.13 6.02
Measurements are expressed as the percent change relative to the intensity
at 0 min, and show that ﬂuorescence intensity in the experimental condition
increases with time.
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background noise. This, in turn, causes difﬁculties in dis-
tinguishing between noise and actual signal in the center of
the image, where the most intense illumination occurs. In
cases like this, we simply excluded these data points from the
analysis and focused on the signals in the surroundings.
By using R110 ﬂuorophores only in the droplets as
a control, we were able to ascertain the effectiveness of using
a blender to create a uniform emulsion. As shown in Fig. 3,
the blender generated a wide range of droplet sizes. We used
image processing to select a fairly uniform-sized emulsion
with a diameter of ;1 mm. The stringent criterion we set for
the software is very good at ﬁltering out droplets that are too
big for consideration. When combined with the selection rule
of position and presence in all time points, we recorded true
droplets that served as individual reaction chambers. These
rules allowed us to concentrate on the droplets that were
1 mm in diameter and below, where the chances of a droplet
containing two or more enzyme molecules are low (,10% of
the total observable population). However, these ﬁltering
rules do not allow us to ﬁlter out droplets that explicitly
contain two or more enzyme molecules. The control also
allows us to evaluate the role of photobleaching in the ex-
periment. In Fig. 4 B, the ﬂuorescence of the droplets in the
FIGURE 7 Distribution snapshots for pooled individual droplets (1023 in total) at different time points. The snapshot at left is the distribution at 0 min and
the snapshot at right is the distribution at 80 min. Both distributions ﬁt well under the Gaussian distribution indicated by the solid line. The distribution of the
ﬂuorescence from individual droplets showed a gradual shift of the population toward the right of the x axis, showing that more substrate is cleaved by
chymotrypsin. The mean is also shifted from 89.4 at 0 min to 95.1 at 80 min, a clear indication of the enzymatic reaction. The 0-min histogram has a coefﬁcient
of variation of 6.7% and the 80-min histogram has a coefﬁcient of variation of 8.6%. This suggests that each droplet is reacting at its own reaction rate and
accumulates a different amount of free ﬂuorophore as time progresses.
FIGURE 8 Comparison of the distribution pattern of ﬂuorescence between
control and experiments as time progresses. The diamond marked lines are
the control experiment and the square marked lines are the experimental
condition. The solid lines represent the time point at 0min and the dashed lines
represent the time point at 80 min. The control has a coefﬁcient of variance of
6.6% for 0 min and 5.8% for 80 min. The experiment has a coefﬁcient of
variation of 4.8% for 0min and 9.3% for 80min. At 0min, the control and the
experimental both showed similar distributions, suggesting similar starting
conditions. Later, at 80 min, the control still shows the same distribution
spread, whereas the experimental distribution spread is almost doubled. This
clearly indicates that there is an enzymatic reaction happening inside the
droplets of the experimental condition.
FIGURE 9 The kinetics comparison between a bulk population of
chymotrypsin (solid line; 45.6 billion molecules, slope 0.076) and the
average of individual droplets containing chymotrypsin pooled together
(dotted line; 1023 droplets, ;1124 chymotrypsin molecules, slope 0.058).
The trend of increase in the ﬂuorescence intensity is very similar, as
indicated by the similar overall percentage increase of ﬂuorescence for both
populations (6.03% for bulk and 6.35% for droplets). The average values
from the individual droplets can be ﬁtted against the values obtained from
the ensemble average.
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control experiment showed very little change when corrected
against the variation of the optical system.
Photobleaching did not have a signiﬁcant effect on our
measurements. In the control experiments, we observed sig-
niﬁcant photobleaching of R110 only when the droplets were
exposed to excitation light for 500 ms within short intervals
(;30–60 s apart). Under normal experimental conditions,
the control droplets showed very little decrease in ﬂuores-
cence intensity, as indicated by the slope of the average line,
which is 0.00002 (arbitrary intensity units/min) (Fig. 4 B).
Each ﬂuorophore can be excited a ﬁnite number of times
before photobleaching. Photobleaching is one of the pro-
cesses that the dye can undergo when it is excited. It is
affected by a number of factors, including the number of
excitation/emission cycles a dye molecule goes through and
the surrounding environment (van den Engh and Farmer,
1992) This conﬁrms the result where any ﬂuctuation in the
ﬂuorescence after the correction against microscope varia-
tion is due to the chymotrypsin activity.
Although the overall trend of the ﬂuorescence intensity
increases for the individual droplets, the intensity occasion-
ally drops. We can exclude photobleaching as a reason for
this because we showed in the positive control that pho-
tobleaching is not signiﬁcant. Two factors may contribute to
the decrease in ﬂuorescence intensity. First, changes in the
focus of the microscope affect the recorded intensity. This
problem can be corrected by the normalization against the
ﬂuorescent microspheres, because as the focus drifts, the
ﬂuorescence intensity from the microspheres also changes.
Second, Brownian motion may cause changes in the position
relative to the focal plane for these droplets.
When comparing the data obtained from the control and
from the experiment, a signiﬁcant difference develops as
time progresses (Fig. 8). The control showed virtually no
change in the distribution, whereas the distribution of the
experiment spread out signiﬁcantly. The control contained
no enzyme. Therefore, the change in the distribution is due
to the presence of enzyme. This observation conﬁrms the
presence of enzyme in the droplets and establishes the droplet
as a suitable isolated reaction chamber.
The Poisson distribution provides a statistical description
of the number of enzymes in the droplet. The distribution
also exposes an artifact: some droplets will contain more
than one enzyme. From the distribution, the ratio of droplets
containing more than one enzyme to droplets containing one
enzyme is;1:10. In this work, we did not have the physical
means to count the number of enzyme molecules inside a
particular droplet. However, this could be done by labeling
the enzyme with a different ﬂuorophore.
The measured ﬂuorescence increase for the bulk popula-
tion is a manifestation of how chymotrypsin should behave
on average, given this particular enzyme/substrate ratio
(1:200,000). This bulk single-molecule comparison can be
done graphically by converting the units on the y axis to the
number of substrates cleaved per enzyme molecule for the
bulk measurement. This allows us to estimate the number of
droplets that contain two enzyme molecules in the visible
droplet population.
The fraction of droplets containing more than one enzyme
can be estimated from our data. The rate of the ﬂuorescence
produced by two enzyme molecules should be twice as large
as that produced by a single enzyme, for a ﬁrst-order reaction
rate enzyme such as chymotrypsin. We consider the slope of
the bulk population as a representation of an average single
chymotrypsin molecule. We doubled the value of the slope,
and used this as the cut-off value for our estimation for
droplets that contain twomolecules of chymotrypsin.We then
calculated the slope for each individual droplet.We found that
the number of droplets with a slope exceeding the cut-off
value is;10% of the total number of droplets screened (103
of 1023). This percentage agrees with the prediction from the
Poisson distribution, suggesting that this method can provide
a good estimate of the number of droplets that contain two
enzyme molecules.
The processed kinetics data for individual chymotrypsin
molecules reveal several interesting features (Figs. 6 and 7).
First, the increase in the ﬂuorescence intensity shows that
the enzyme activity is indeed present and the change is sig-
niﬁcant enough to be detectable. This suggests that the emul-
sion system is capable of running isolated chemical reactions.
The individual droplets can be considered as reaction cham-
bers where the reaction environments are isolated from each
other.
Second, the mean measured activity of individual droplets
(1023 droplets, ;1124 molecules total) is similar to that of
a bulk population (;45.6 billion molecules) of chymotryp-
sin (Fig. 9). It is possible to analyze the kinetics of a reaction
using a very small amount of material. The individual trace
over time for each droplet is not a smooth line, suggesting
that the enzyme does not function at a constant rate. Rather,
there may be some period of time where the enzyme slowed
down or sped up. This is similar to the ‘‘memory’’ effect for
enzymes described by Edman and others and Qian and others
(Edman and Rigler, 2000; Qian and Elson, 2002). This kind
of phenomenon will be hidden in the bulk population data,
but revealed in the single-molecule measurements.
Finally, the individual droplet data can be converted into
a distribution snapshot at various time points that shows the
range of activity encompassed by the individual molecules
(Fig. 7). The snapshots clearly show that as time progresses,
the distribution of the enzyme activity becomes wider (Table
1). Most of the chymotrypsin molecules have a rate within
a narrow range, yet other molecules have higher or lower
rates compared to the normal population. The enzymes are
neither acting at a constant rate nor acting synchronously.
Our results are similar to those obtained using other tech-
niques and other enzymes. Dyck and Craig employed
capillary electrophoresis as the medium for single-molecule
enzyme isolation. Using this method, they were able to
produce a population distribution on the activity of alkaline
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phosphatase. The distribution histogram clearly shows the
heterogeneity of the enzyme (Dyck and Craig, 2002). Werner
and others found that exonuclease I displays population
heterogeneity in the rate of cleaving DNA bases by immo-
bilizing a strand of synthesized DNA with two ﬂuorescently
labeled bases separated by a known distance and observing
the activity of exonuclease I as it cleaves off the bases of the
DNA (Werner et al., 2005). Rueda and others employed
ﬂuorescence resonance energy transfer (FRET) on immobi-
lized ribozymes to detect the docking and undocking con-
stants for its substrate. Part of their result shows that the
constants they derived from single-molecule FRET are con-
sistent with the constants they derived from bulk FRET aver-
ages. The same result was also observed by Greulich, where
the Michaelis-Menten constant for a single lactate dehydro-
genase falls within the range of the constant from the bulk
population (Greulich, 2004; Rueda et al., 2004). These results
agree with our observations.
CONCLUSION
With this emulsion assay, we can measure multiple single-
molecule enzymatic reactions simultaneously. Based on the
results, we conclude that enzyme activity is present and
measurable in micron-diameter water-in-oil droplets. The
results clearly showed the heterogeneity of chymotrypsin
activity and demonstrated the individuality of each molecule.
The assay also allows the measurement of enzyme kinetics
with very few molecules and provides results consistent with
the bulk population. The measurements of the activity of
individual enzymes can be averaged to obtain results similar
to measurements made in bulk. This ability to gather mul-
tiple single-molecule data points is key for studying enzyme-
inhibitor interactions, when the enzyme kinetics cannot be
analyzed using the classic Michaelis-Menten model due to
cooperativity or other factors.
Several technical innovations could lead to improvements
in this system. Clearly, a system that can create an emulsion
with uniform droplet sizes would simplify the data analysis.
An emulsion generation system that has the ability to gen-
erate many individual droplets rapidly is under development
(Tan et al., 2003). With a more sophisticated droplet gen-
eration method to ensure the uniformity of the droplet size,
we can control the variation within the droplets further and
allow for more precise control over the single-molecule
environment. With the possibility of advanced microﬂuidic
control, there is also the potential of using the droplet
environment to create assays that involve multiple reagents.
This new assay provides the ability to monitor large numbers
of individual molecules simultaneously, allowing efﬁcient
large-scale screening of chemical reactions. The single-
molecule detection concept also allows analysis of a limited
amount of material. This assay is also compatible with large-
scale microﬂuidic implementations of a lab-on-a-chip.
This work was supported by National Science Foundation grant CCR-
0304612.
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